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ABSTRACT

The results of a joint NASA/Army/Bell Helicopter
Textron wind-tunnel test to assess the potential of
higher harmonic control (HHC) for reducing vibrations
in tiltrotor aircraft operating in the airplane mode of
flight, and to evaluate the effectiveness of a Bell-
developed HHC algorithm called MAVSS (Multipoint
Adaptive Vibration Suppression System) are presented.
The test was conducted in the Langley Transonic
Dynamics Tunnel using an unpowered 1/5-scale
semispan aeroelastic model of the V-22 which was
modified to incorporate an HHC system employing
both the rotor swashplate and the wing flaperon. The
effectiveness of the swashplate and the flaperon acting
either singly or in combination in reducing IP and 3P
wing vibrations over a wide range of tunnel airspeeds
and rotor rotational speeds was demonstrated. The
MAVSS algorithm was found to be robust to variations
in tunnel airspeed and rotor speed, requiring only
occasional on-line recalculations of the system transfer
matrix. HHC had only a small (usually beneficial)
effect on blade loads but increased pitch link loads by
25%. No degradation in aeroelastic stability was noted
for any of the conditions tested.
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NOTATION

denotes wing beam, chord, and torsion

response

pylon conversion axis accelerometer,
axial orientation

pylon conversion axis accelerometer,
normal orientation

pylon c.g. accelerometer,
lateral orientation

load associated with HHC

performance index

resultant of loads associated with

performance index, HHC-on

resultant of loads associated with

performance index , HHC-off

performance index (a scalar)

control matrix
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number of samples in data

number of response points

denotes integer harmonic number

denotes n-per-rev

number of control actuators

weighting matrix for control inputs
(diagonal)

weighting matrix for responses

(diagonal)

system transfer matrix relating changes
in response to changes in control

vector of vibratory responses

response feedback signal from ith gage

vector of target vibratory responses

HHC response vectors, cosine and sine
components, respectively

caution parameter

denotes change in quantity which
follows

vector of HHC inputs

vector of allowable HHC inputs

HHC input vectors, cosine and sine
components, respectively

azimuth angle of reference blade, deg.

rotor rotational speed

INTRODUCTION

Rotary-wing aircraft are prone to vibrations due to the
intrinsic periodic nature of the airloads acting on the
rotor blades. Tiltrotor aircraft operating in the airplane
mode of flight are inherently less susceptible to
vibrations than helicopters because the airflow through
their rotors is predominantly axial rather than inclined.
However, airframe vibration levels in tiltrotor aircraft
are still typically greater than those in conventional
propeller-driven fixed-wing aircraft. There are two
principal sources of rotor-induced airframe vibration in
a tiltrotor operating in the airplane mode of flight: (1)
the aerodynamic interference between the rotor blades
and the wing; and (2) the wake of the rotor impinging
on the empennage. The circulation associated with a
lifting wing and the streamline curvature induced by a
finite-thickness wing create an azimuthally unsym-



metricflowfieldthroughtherotordiscwhichresultsin
oscillatorybladeloadsthataretransmittedto thehub
anddownthe mastinto the airframe(pylon,wing,
fuselage)as vibratoryforces and momentsat
frequencieswhichareintegermultiplesof the blade
passagefrequency.Theshedrotorwakealsoexcites
theairframeat thebladepassagefrequency.While
theseeffectsarepresentm conventionalpropeller-
drivenaircraft,theyaremoresignificantin tiltrotors
becauseof the larger diameterof proprotorsas
comparedto propellers.Oneapproachto reducing
proprotor-inducedairframevibrationsis to actively
controlthe vibrationsat their source(the rotor)by
introducinghigherharmoniccollectiveand cyclic
blade pitch usingthe fixed-systemswashplateto
modifythebladeaerodynamicloadingin a manner
whicheliminatesor at leastreducessubstantiallythe
resultantrotorloadsenteringtheairframeat thehub.
Theuseof the rotorswashplateto activelycontrol
vibrationin thiswayis generallyreferredto ashigher
harmoniccontrol(HHC). However,it is clearthat
HHCsystemsfor vibrationreductioncanalsoutilize
airframecontrolsurfacessuchas flaps, ailerons,
elevators,andrudders,airframe-mounteddevicessuch
as seismicmassesandforceactuators,and blade-
mounteddevicessuchasactively-controlledpitchlinks
andcontrolsurfaces.

The useof activecontrolsto reducevibrationsin
helicoptershasbeenstudiedbothanalyticallyand
experimentallyfor manyyears(see,forexample,refs.
1-26). Severaldifferentapproachesto mechanically
introducingthe necessaryhigherharmoniccontrol
inputshavebeeninvestigatedincludingtheswashplate
(refs.1-16),blade-mounteddevices(refs.17-22),and
forceactuatorsmountedin thefuselage(refs.23-26).
Varioustypesof controlalgorithms,bothdeterministic
andstochastic,werealsoevaluatedaspartof these
studies.HHCmethodsbasedon usingan actively-
controlledswashplatehavethelongestresearchhistory
and have receivedthe most attention. Concise
summariesof theworkdealingwiththisapproachmay
befoundin references16,27,and28. Thecrucialrole
playedby the vibrationcontrolalgorithmin any
practicalimplementationof HHCis well recognized
andconsiderableattentionhasalsobeendevotedto
this aspectof helicopterHHC systems(see, for
example,refs.5, 6,9,and14).Basedon theresultsof
these studies,higher harmoniccontrol using an
actively-controlledswashplatehasbeenjudgedto be
oneof themosteffectivevibrationcontroltechniques
applicableto helicopters.Someof themostsignificant
findingsassociatedwith theHHCstudiesreportedin
theliteratureare:(I) Themajoroscillatoryrotorloads
transmittedinto the nonrotatingsystemcan be
effectivelyeliminatedbyoscillatingtheswashplateat
a singleharmonicof the rotorrotationalspeed;(2)
Simultaneousreductionof severalcomponentsof the
vibratoryhubloadsispossibledueto superpositionof
the effects of the individual harmonicpitch
oscillations;(3) HHChasa negligibleeffecton rotor
performance;(4)HHChasonlyasmalleffectonblade
loads:(5) Pitch link loads can be significantly
increased:and(6)AnadaptiveHHCsystemrequiresa

KalmanFilter to identify the helicoptertransfer
function.

Tiltrotoraircraftoperatein boththe helicopterand
airplanemodesof flight. Becausetiltrotors are
designedto spendmostof their flight time in the
airplanemode,primaryinterestfor this type of
rotorcraftis on reducingairframevibrationswhen
operatingin theairplanemodeof flight. Whilemuch
of the HHC researchconductedfor helicoptersis
probablydirectlyapplicableto tiltrotorsoperatingin
thehelicoptermodeof flight, it is notclearhowmuch
of thatwork(if any)isdirectlyapplicableto tiltrotor
aircraftoperatingin theairplanemodeof flight. There
issomeworkreportedin theliteraturewhichdealswith
the activecontrolof flappingandgustresponseof
tiltrotorsin airplanemode(see,forexample,refs.29-
33),butthereis a dearthof informationwhichdeals
specificallywith the problemof vibrationreduction.
Becauseboth the aerodynamicenvironmentand
aeromechanicalbehaviorof tiltrotorsoperatingin the
airplanemodearesignificantlydifferentfromthoseof
helicopters,the design requirementsfor the
implementationof aneffectiveHHCsystemcouldbe
muchdifferent.Forexample,someresults(e.g.,ref.
16)indicatethattheoscillatoryamplitudesrequiredto
suppressvibrationare stronglydependenton the
dynamicsof therotorsystem.Currenttiltrotorsuse
gimbaled,stiff-inplanerotor systemswhich exhibit
significantlydifferentdynamicbehaviorthan the
hingelessandarticulatedrotorsystemswhichhave
beenusedinmostpreviousinvestigationsof HHC. The
aerodynamicsgeneratingthe bladeperiodicairloads
whichresultin vibrationat the hubarealsoquite
different. Theairioadsactingon the bladesof a
helicopterrotorin forwardflightarehighlyperiodicdue
to boththeinclinationof theairflowthroughtherotor
discandtheinfluenceof the wakeon theflow field
neartherotor.Becausetheairflowthroughtherotorof
a tiltrotoroperatingin theairplanemodeis primarily
axial thereareno first-orderperiodicitiesassociated
with the forwardflight velocityas thereare for a
helicopter.Tiltrotorhub vibrationsarisefrom the
periodicairioadsresultingfromperturbationsto the
uniformflow throughthe rotordue to aerodynamic
interactionsbetweenthe rotor and the wing as
discussedearlier;therotorwakehaslittleeffectonthe
bladeairloads.Anotherimportantdifferencebetweena
tiltrotorandahelicopteris rotordiscloading.Thedisc
loadingof atiltrotorin anairplanemodeis anorder-of-
magnitudesmaller than that of a helicopterof
comparablegrossweight.SincetypicalHHCsystems
produceareductionin vibrationsbya redistributionof
theaerodynamicloadsaroundtheazimuthof therotor
disc,thereis a questionof how effectivean HHC
systemcanbeforarotorwhichhasalowdiscloading.

Mostrecentanalyticalstudies,wind-tunneltests,and
flight testsof HHC-basedvibrationcontrolsystems
have employeda Kalman filter for on-line
identificationof thesystemparametersrequiredbythe
HHCalgorithm.Thebasicpremisehasbeenthata
real-timeKalmanfilter,or itsequivalent,is requiredto
accurately identify the system transfer matrix.



Becauseof the "cleaner"aerodynamicenvironment
associatedwith a tiltrotor when operating as an
airplane, the computational requirements for an
effective tiltrotor-based HHC algorithm may be much
reduced. In this regard, Bell Helicopter Textron, Inc.
(BHTI) developed a vibration suppression algorithm
called MAVSS (Multipoint Adaptive Vibration
Suppression System) and conducted a series of
dynamic tests which indicated that a simpler control
algorithm could probably be used. A successful wind-
tunnel demonstration of the effectiveness of a MAVSS-
controlled active flaperon for reducing airframe
vibrations was subsequently carried out (Ref. 34).
However, it was recognized that further testing of
MAVSS was required to validate the algorithm for use
as an HHC system in tiltrotor applications.

The purpose of this paper is to summarize the results of
a joint NASA/Army/BHTI investigation which was
conducted in the Langley Transonic Dynamics Tunnel
to assess the potential of HHC for reducing vibrations
in tiltrotor aircraft operating in the airplane mode of
flight, and to further evaluate the effectiveness of the
MAVSS control algorithm. The wind-tunnel study
employed a l/5-scale semispan aeroelastic model of
the V-22 which was modified to incorporate an HHC
system consisting of the rotor swashplate and the wing
control surfaces (flap and aileron) acting together as a
single control surface. For convenience, the
flap/aileron combination is called a flaperon in this
paper. Three high-frequency servo-controlled hydraulic
actuators were employed to control the swashplate and
a fourth actuator was used to control the flaperon. The

required HHC swashplate commands as determined by
the MAVSS algorithm were summed with the pilot trim
commands to produce the desired oscillatory
swashplate actuation about a trim state. The
effectiveness of the rotor swashplate and the wing
flaperon in reducing vibrations was investigated both
singly and in combination over a wide range of tunnel
airspeeds and rotor rotational speeds. The robustness of
the vibration control system to variations in tunnel
airspeed and rotor speed, both separately and in
combination, was studied. The effect of HHC on blade
loads, pitch link loads, and aeroelastic stability was
also assessed.

Figurel. Model in Langley Transonic Dynamics Tunnel

servo-valve system high-frequency actuator

active flaperon active swashplate

Figure 2. Hardware components of the higher harmonic
control system.

EXPERIMENTAL SETUP

Model

The model used in the investigation is a modified
version of a l/5-scale semispan aeroelastic model of
the V-22 tiltrotor which was used to support the

preliminary and full-scale design phases of the V-22
aircraft (Ref. 35). Upon completion of that series of
tests, the Navy transferred the model to NASA Langley
under a loan agreement to be used as the experimental
testbed of a tiltrotor aeroelastic and structural

dynamics research program which was initiated at
Langley in 1994. The tiltrotor testbed has been desig-

nated the Wing and Rotor Aeroelastic Testing System
(WRATS).The Wing and Rotor Aeroelastic Testing
System (WRATS) tiltrotor model as installed in the
Langley Transonic Dynamics Tunnel for this study is
shown in Figure 1. Modifications to the baseline
model required for the active controls testing included
the replacement of the electric control actuators with
high-frequency hydraulic servo-actuators to drive the
swashplate and a new servo-controlled wing flaperon.
Some of these new components are indicated in Figure
2. The model also incorporated a new, elastically-
tailored, graphite-epoxy wing spar. This spar was used
in an earlier aeroelastic stability investigation (Ref.
36) unrelated to the present study and left on the model
for convenience.



- Swashplate Cyclic References

Wing Root

I Front view of pylon and wing I

Actuator Positions (equal azimuthal spacing)

Figure 3. Actuator positions and swashplate cyclic reference.

The model has a length scale factor of 1/5 and was
designed to maintain full-scale values of the Froude,
Lock, and Strouhal numbers when operated in air (Ref.
35). The wing and rotor are dynamically and
aeroelastically scaled; the pylon is only dynamically
scaled. The fuselage is rigid and only maintains the
scaled external aerodynamic shape. The model is
attached to a support structure which is effectively
rigid, its lowest frequency being well above any
important elastic mode frequency of the model.
Simulation of the distributed wing beamwise,

chordwise, and torsional stiffness is provided by means
of a hollow, elastically-tailored, composite spar having
chordwise flanges. The 4.6-foot spar, which lies along
the calculated elastic axis of the wing, has segmented,
nonstructural, aluminum aerodynamic fairings which
provide the spanwise distribution of airfoil contour. To
provide surface continuity over the wing lifting surface,
the gap between the segments at the surfaces is filled
by strips of foam rubber. The wing-tip-mounted pylon
contains the transmission and gearbox components for
the rotor drive system, the lower part of the mast, and
the swashplate control system. Because these internal
components can be treated as rigid, the pylon was

scaled dynamically so as to preserve its overall mass
and inertia properties. The pylon is attached to the
wing tip by means of a "racetrack" spring assembly
which simulates the combined stiffness of the full-scale

conversion actuator and downstop-lock mechanism.

The 3-bladed, 7.6-foot diameter rotor has a gimbaled
hub which is connected to the mast by a constant
velocity joint (2 coincident universal joints). The rotor
yoke has 2.5 degrees of built-in precone and is flexible
to allow the blade coning angle to adjust under

aerodynamic and centrifugal loading. The blades have
a nonlinear distribution of built-in twist with an overall

root-to-tip twist of 47.5 degrees (leading edge down).

A large plywood panel through the vertical plane of
symmetry of the model and attached to a support
structure consisting of a spider-like arrangement of

steel tubes which was employed to seal the open back
side of the semi-fuselage and to serve as a reflection
plane. The structure also provided the offset needed to
position the rotor axis near the centerline of the wind
tunnel test section.
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Figure 4. Wing planform geometry and location of gages used for response feedback.

The fundamental natural frequencies of the model with
the pylon locked to the downstop, the rotor on, and
flapping locked out, are summarized in Table I.

Typical frequencies of the rotor system in cruise flight
(V=100 knots, .(-2=742 Rpm) are gimbal flapping at
.85P, first cyclic lag at 1.5P, and collective flap
(coning mode) at about 1.3P. The fundamental cyclic
flapping is coupled with the gimbal motion and the

Table I - System Natural Frequencies*

Mode Frequency,
Hz

Wing Beam Bending

Wing Torsion

Wing Chord Bending

Pylon Yaw (2nd Wing Chord)

I st Elastic Blade Flap

1st Elastic Blade Lag

1st Elastic Blade Torsion

4.83

9.00

11.09

19.5

7.2

12.5

109.9

* Flapping locked out and rotor not turning.

collective lag is coupled with the engine drive system
dynamics. The present test was run without the drive
system connected so the collective lag mode has zero
frequency.

Active Swashplate and Flaperon Hardware

A total of four high-frequency hydraulic servo-actuators
were used in the control system, one to drive the
flaperon and three to drive the swashplate. The
swashplate actuators were arranged in a 'milkstool'
configuration around the nonrotating part of the
swashplate as indicated in Figure 3. These actuators
were used to input the usual steady pilot commands as
well as the higher harmonic swashplate excitations
called for by the active control algorithm. These servo-
actuators were made up of four Oildyne 3/4" hydraulic
cylinders with Moog Series 32 servo-valves which
provided a bandwidth in excess of 50 Hz at 3000 psi
supply pressure. The swashplate servo-valves were
located inside the pylon near their corresponding
actuators (see Figure 2). The flaperon actuator and its
servo-valve were located inside the fuselage fairing at
the root of the wing. Harmonic swashplate actuation



waslimitedto+ 2 degrees for each of the three control
angles.

The new flaperon needed for active controls testing
was designed to withstand the dynamic loads
associated with oscillating the flaperon up to + 6
degrees at 50 Hertz. The flap and aileron which
comprise the flaperon are identical, each having a span
half the length of the wing and a five-inch chord. The
flaperon is attached to a torque tube which is
positioned along the 3/4-chord of the wing and
supported by hanger bearings (Figure 4). Harmonic
excitations of the flaperon were limited to + 3 degrees
for most of the test.

Feedback Signals and Instrumentation

Feedback signals for the control system were
developed from the measured responses of the
pylon/wing system. The suite of candidate responses
included wing root strain gages (beam, chord, and
torsion) and three pylon accelerations. Analog
response signals of interest were digitized and a real-
time harmonic analysis was performed to extract the
response at the harmonic frequency (or frequencies) of
interest. The cosine and sine components of these
harmonics were then input to the MAVSS HHC
algorithm which calculated and updated the actuator
signals required to minimize the vibration.

Locations of important instrumentation used for
response feedback to the control system are illustrated
in Figure 4. Wing bending and torsion moments are
calibrated to standard strain-gage bridges located near
the wing root. The beam and chord strain gages are
located 17.0 inches out from the root and the torsion

strain gages are located 23.0 inches out from the root.
The three pylon acceleration responses used in this
study are denoted in Figure 4 as 'CGL' (center-of-
gravity-lateral acceleration), 'CAN" (conversion axis-
normal acceleration), and 'CAA' (conversion axis-axial
acceleration), where lateral motion is in a direction
perpendicular to the mast axis in the plane of the wing
and is positive starboard, normal motion is
perpendicular to the wing plane and is positive up, and
axial motion is along the mast axis and is positive aft.
The wing bending and torsion gages were the sensors
selected most often for feedback. A number of other
measurements were monitored and recorded either to
trim the rotor or for flight safety including: gimbal
flapping, the downstop spring load, pitch-link load (one
pitch link instrumented), and blade flapwise and
chordwise bending at five spanwise locations (one
blade instrumented). Blade torsion was not measured.

Control System Architecture

A schematic diagram of the control system for reducing
3P vibrations in the airframe is shown in Figure 5.
Flapping response of the rotor is displayed to the pilot
as I P lateral and longitudinal flapping of the rotor tip-
path-plane. The pilot trims the model by setting both
the collective pitch (to maintain the desired rotor
speed on the windmilling rotor) and the cyclic pitch (to
maintain zero flapping with respect to the mast). A

mixer in the pilot control console calculates the
commands to be sent to the individual actuators based

on the pilot stick commands. The steady (DC)
swashplate actuator commands required for trim are
summed with the oscillatory 3P actuator commands as
calculated by the HHC system. The total analog signal
for each actuator is composed of 3P sine and cosine
components having a constant (DC) offset. The sine
and cosine components are with respect to the azimuth
position of a reference blade such that the cosine
component is a maximum when the reference blade is
pointing up (I/t =0 degrees) and the sine component is
a max,mum when the reference blade is pointing
outboard (IV =90 degrees).

While the discussion above has specifically addressed
reduction of 3P vibrations, the control system can
accommodate any fixed-system vibration which is an
integer multiple of the rotor speed (1P, 2P, 4P .... ).
The reduction of both 1P and 3P vibrations, either
singly or in combination, was addressed in the present
study.

HIGHER HARMONIC ACTIVE VIBRATION
CONTROL ALGORITHM

The higher harmonic active vibration control algorithm
employed in this study is implemented in a BHTI
proprietary software system called the Multipoint
Adaptive Vibration Suppression System (MAVSS).
MAVSS is designed to minimize rotorcraft vibrations
occurring at integer multiples of the rotor speed. For a
three-bladed rotor system, the largest vibratory forces
acting on the airframe occur at a frequency of three-
per-rev (3P). The MAVSS algorithm assumes that
changes in the aircraft responses are linearly related to
changes in control inputs through a system transfer
matrix which represents a locally-linearized model of
the measured aircraft dynamics. Should the algorithm
detect that its (current) linearized model is no longer
providing an adequate representation of the system
dynamics, MAVSS re-identifies the transfer matrix on
line. MAVSS operates in the rotor frequency domain
in near real time. All data acquisition and commands
are triggered by rotor position and thus MAVSS can
remain synchronized with the rotor rotational speed,
even if the rotor speed varies. Commands for the
current rotor revolution are computed based on the
measurements made on the last rotor revolution and its

linearized model of the measured aircraft dynamics.
The deterministic controller on which MAVSS is based

is obtained by minimizing a scalar performance index
which includes the harmonic vibratory responses to be
reduced, the HHC inputs necessary to effect the
reduction, and the transfer matrix describing the
dynamics of the system. Since both measured
vibrations and actuator commands are included in the
performance index, the system always tries to
minimize both the measured vibrations and the work
done by the actuators.
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Figure 5. Schematic of active vibration control system arrangement.
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Figure 6. Major computational blocks in MAVSS active vibration control algorithm



A simplifiedflowchartwhich indicatesthe major
computationalblocksinMAVSSis shownin Figure6.
To start the process,the systemresponsesat the
harmonicsof interest(e.g.,3P)aremeasuredandthe
performanceindexis evaluatedandcomparedto the
threshold(target)valueof theindex.Theinitial value
of theindexshouldbewellabovethethresholdvalue
becausenocontrolhasyet beenapplied.AsMAVSS
hasnopriorknowledgeof theaircraftdynamicswhenit
is first started,the systemtransfermatrixmustbe
identified.MAVSScalculatesthismatrixbyapplying
a knownsignalat theharmonicof interestto eachof
its controlactuatorsin turnandthennormalizingthe
resultingchangein systemvibrationsby the applied
signal. To accountfor the possibilityof system
nonlinearities,onlyafractionof thecalculatedcontrol
changeis addedto the existingcontroland then
appliedto theactuators.Theperformanceindexis
thenrecalculatedusing the new vibratory responses
and compared to both its previous value and the
threshold value. If the new index is smaller than the

previous value but is still larger than the threshold
value then a new set of control commands is

calculated. Continuing in this manner, the index is
driven down incrementally to just below its threshold
value. Once the measured vibrations are below the

threshold value, MAVSS simply maintains the latest
set of commands and monitors the aircraft responses.

Should the flight condition or forcing function change
and the measured responses exceed the threshold,
MAVSS uses the latest measured responses to
calculate a new set of commands and applies them to

the actuators. This cycle is repeated until the vibration
level is driven back down to just below the specified
threshold. Under ideal conditions, the transfer matrix

should not need to be re-identified. Only major

changes in the aircraft dynamics would warrant re-
identification of the transfer matrix. Changes in the

external forces themselves do not necessarily require
re-identification.

Determination of the Transfer Matrix. The formulation
developed in this section uses two sets of notation. In
the first part of this formulation, the matrix components
are listed as components of vectors associated with
sine and cosine components of a signal or response to
emphasize that fact. Once the major components of
the formulation are established the formulation
converts to a standard indicial notation.

The transfer matrix is based on M responses and N
control actuators. Although M is generally equal to or
greater than N, this is not necessary for the algorithm
to work. A harmonic analysis is used to obtain the
cosine and sine components of the response as:

{Z },= 2 x z,(kA_)cos(nkAgy), i=l,M (1)

Iz+r.--f i= I,M
J

(2)

where z,(kA_) represents the ith response signal at

kA_ position in the azimuth (time), n is the harmonic

of interest (primarily 3P in the present study), K is the

number of samples contained in the digitized response
signal, and At// is the azimuth angle traveled by the

reference blade in the time between samples. The test

signals sent to the actuators to identify the transfer
matrix are harmonics at the frequency of interest and
do not have to be harmonically analyzed. Let these

signals be assembled in the column vectors {®j,},and

{0 }for j=I,N.

A (2M x 1) vector of the change in response between

the baseline response and the response to the test
signal is given as

{':){':)= - i= I,M
AZ Z .... Z _,

(3)

It should be pointed out that in this paper 'baseline

response' means the current level of controlled
vibrations and not the vibratory response with HHC off.

The corresponding change in the control signal is given
by:

,xo, j= o. ,.. - o. _+' j= I,N (4)

The transfer matrix is then defined as the 2M x 2N

matrix in the equation

AZ< AZ .]T6-; /tA°j"J'
i=l,M,j=l,N (5)

which relates changes in control inputs to changes in
system responses. Since the system is assumed to be
linear, the following relationships are used to reduce
the time needed to compute the matrix:

kZ u AT. re

AO AO
(6)

AT.+< mztr

AO AOj,
(7)



Vibration Minimization. To minimize vibration it is

desired to drive the total responses due to the rotor and
the applied HHC toward zero. Similar to equation (3),
the change in response associated with an applied

HHC may be written as

(8)

and making use of the transfer matrix allows equation
(8) to be written as

(9)

Now since it is desired to minimize the response after

the control is applied, the quantity that must be
minimized is

z, = L,O, +(z_),

AZ,,. AZ,c

= Az,, [o,j,,,°+ ,,... (10)
z_c fiE)

i=I,M;j=I.N; k=l.2M; l=].2N

where z is a (2M x 1 ) vector that represents the
response associated with the current control signal (M
cosine components and M sine components). Notice at
this point in the formulation that it was advantageous
to convert to standard indicial notation with new
indices k and / running twice the number of i and j.
From this point forward, k is understood to cycle
through M cosine and M sine components of the
response points (2M total) and / is understood to cycle
though the N cosine and N sine components of the
control points (2N total).

It should be noted that the development given above
has implicitly assumed only one harmonic of interest
for vibration reduction. If there are two harmonics
targeted for reduction, there will be two cosine terms
and two sine terms for each physical actuator and/or
response point and the size of all matrices and vectors
doubles.

Performance Characterization. A scalar performance
index is now introduced as

T T

J = z,R,,z, + O, Q,O, (11)

where z is the response associated with the current
control signal, 0 is the current control signal, and R
and Q are diagonal weighting matrices used to scale
the performance index:

1
= --'--'m (12)

R,, (z,.);

1

Q" = (0)_ (13)

where the (z,.), are user-defined inputs which should

reflect the target response level for the ith response

point and the (0), are user-defined inputs which

should reflect a maximum allowable control input for
the lth actuator.

Combining equations (10) and (1) gives the
performance index desired for minimization as

J=(T,R t +(z_),)r Rk,(Tk,01+(z,),)+O_QilO I (14)

where T is the transfer matrix, 0 is the control signal,
and z_ is the baseline response. The value of the
control signal which will minimize J can be
determined through expansion of the above expression
and taking the derivative of J with respect to the
control input 0 :

3J
("_'ff)l = (z,)T R,,T*I + T,r R,,T*,O_ +Q1,01 = (0)1

(15)

from which the control input which will satisfy this
expression is given as

O_= -[TTR,,T_, + QI, 1-' [TI_R**(z_ ), ] (16)

which may be written in control law form as:

0_= -KI, (z,), ( 17)

where K is the control matrix. For a linear system,
application of equation (17) gives a sel of control
signals which minimizes J. As mentioned earlier when
discussing Figure 6, to account for any system
nonlinearities, only a fraction of the calculated change
in control signal is added to the existing control signal
and applied to the actuators. This piecewise linear
stepping is repeated until the threshold is reached.

TEST CONDITIONS AND
SYSTEM CONFIGURATIONS

The experimental investigation was conducted in the
NASA Langley Transonic Dynamics Tunnel which is a
continuous flow, single return, variable pressure tunnel
having a test section 16 feet square with cropped
corners. The control room and test section walls are

provided with large windows for close viewing of the
model. The tunnel is capable of operation at
stagnation pressures from near vacuum to slightly
above atmospheric and Mach numbers up to 1.2. Either
air or a heavy gas can be used as the test medium.
The present study was conducted in air under near
atmospheric conditions at free-stream Mach numbers
less than 0.30.



Table 2. Description Of Runs

Run Description Tunnel Rotor
Speed Speed
(knots) (knots)

I Frequency sweeps of 0 rotor off
actuators

2 Frequency sweeps of 0-100 742
actuators

3 Track and balance 100 742

4 Open loop tests I00 742

5 Open and closed loop 100 742
tests

6 Closed loop tests 150 742

7 Frequency sweep 100 742

8 IP flapping 100 742

investigation

9 Closed-loop velocity 0-150 742

sweeps

10 Closed-loop velocity 0-150 742

sweeps

11 Closed-loop velocity 0-150 742-888

sweeps
12 Gain-schedule data 0-150 742-888

collection

13 Gain-schedule data 0-150 742-888

collection

14 Combined IP/3P 100 660-800

15 MAVSS time histories 0-150 660-742

The model was configured in the airplane mode for
axial flight and was unpowered for these tests. For
windmilling rotors, the desired rotor rotational speed is
set by varying collective pitch, which must increase
with wind-tunnel velocity to maintain a given constant
RPM. Cyclic pitch was used to maintain zero rotor
flapping with respect to the mast. As a matter of
procedure, once the aircraft was trimmed no additional
pilot commands were applied while the HHC system
was activated.

Testing was performed in the sequence listed in Table
2, which lists all the runs that were made with the
model. Runs 1 to 8 were used for rotor track and
balance adjustments, determination of the dynamic
properties of the model with the new hydraulic-based
actuation components, and checkout of the active
control system in open-loop configurations (no response
feedback). Runs 9 to 15 were data runs.

Closed-loop tests required evaluation of a performance
index to be used by the active control system as a
measure of success in reducing vibration. There are
two components in the performance index as defined in
equation (14), one dealing with the responses and one
dealing with the control inputs. For these tests, the
number of inputs (N) was either 1, 3, or 4. When N=I

3P
Wing

Loads,
in-lbs

Conditions: [:Wing loads [
742 Rpm _" Beam
M=3, B/c/'r Chord
N=4 (S.P. +Flap) Torsion

160

120

8O

4O

r]

75 100 125
Airspeed, knots

150

Figure 7.3P wing loads as a function of airspeed.

only the flaperon actuator was used, when N=3 only
the 3 swashplate actuators were used, and when N=4
the flaperon and 3 swashplate actuators were used
simultaneously.

The most common setup for responses was M=3, where
the beam, chord, and torsion components of the wing
root vibratory loads were used. However, several other
types of response point configurations were also
considered, so the nomenclature of 'M=i A/B/...' is
adopted throughout this report; where i is the number of
response points considered and A/B/... are indicators of
what each of the i response points are for the setup.
For example, the most common setup of using the 3
wing root loads as the response points is labeled as
M=3 B/C/T where B is wing beam bending, C is wing
chord bending, and T is wing torsion. The remaining 3
points considered in some setups were accelerometers
at the pylon center of gravity in the lateral direction
(CGL), at the pylon conversion axis in the normal
direction (CAN) or at the pylon conversion axis in the
axial direction (CAA). The response measurement
locations are shown in the diagram of Figure [4].

RESULTS AND DISCUSSION

Suppression of 3P Vibratory Loads

HHC Performance. Higher harmonic control was very
effective in suppressing the fixed-system vibratory
responses of the tiltrotor model in airplane mode. The
MAVSS control system, when configured to reduce 3P
harmonics of the wing loads, was generally able to
reduce the wing beam, chord, and torsion load
components simultaneously by 85 to 95 percent over
the entire range of rotor speeds and tunnel airspeeds
considered. Representative results are shown in Figure

10
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[7] for the case M=3 (wing beam, chord and torsion
load feedback equally weighted) and N=4 (activation
of both the swashplate and flaperon). The plot shows
that with HHC turned off, the 3P vibratory loads
increase with airspeed, and that the chordwise
vibratory load is substantially higher than are the beam
and torsion load components. The vibratory loads in
the wing chord direction are larger than the wing beam
and torsion load components because the chord
component of load is affected mainly by the changes in
rotor thrust (actually drag for a windmilling rotor) while
the beam and torsion components are influenced
primarily by the rotor inplane forces, and the vibratory

components of rotor thrust tend to be much larger than
the vibratory components of the rotor inplane forces.
When the control system is activated, the 3P load in
all three wing load components is shown to decrease
significantly over the same range of airspeeds. The
indicated load reductions vary from 85 to 95 percent of
the corresponding uncontrolled values. These results
are similar, in terms of magnitude of vibratory load
reduction, to those obtained for a model CH-47 3-
bladed articulated rotor system in reference 13.

HHCAmplitude and Phasing. Limits on the maximum
amplitudes of HHC excitation for this test were placed
at +3degrees for the flaperon and +2degrees for the
swashplate. Amplitudes required for HHC in this test
were generally well below these limits, as indicated in
Figures [8] and [9] which correspond to the results
shown in Figure [7]. As shown, the amplitudes
(measured half-peak-to-peak) of the fore/aft cyclic
control are predominant as compared to the amplitudes
of the lateral cyclic, collective, and flaperon. These
latter three control amplitudes generally remain at or
below one-half degree, while the 3P fore/aft cyclic
varies from .8 to 1.5 degrees. These results are
consistent with the physical source of the vibration as
is explained in the following paragraph.

To understand how the swashplate motions shown in
Figures [8] and [9] reduce vibration, consider the effect
of the wing on the rotor inflow angle as shown in
Figure [10]. The inflow results are from reference 37 in
which a panel method (VSAERO) was used to model a
full-scale V-22 at 313 knots airspeed (corresponding to
the l/5-scale model at about 140 knots) and zero angle

of attack. This plot shows the predicted azimuthal
variation of inflow angle for blade stations at 60%,
80%, and 100% radius, and clearly indicates a large
effect of the wing on the flowfield in the azimuthal
range of 210-330 degrees, with first a large increase in
inflow angle as a blade approaches the wing, and T! .'n
a large decrease in inflow angle after passing the ,xmg.
The spike in the inflow angle curve at the 100% radius
near the 220 degree azimuth is due to fuselage
interference effects. To reduce vibration, the
azimuthal variation in lift (associated with the

indicated changes in inflow angle) must be reduced by
maintaining a near constant azimuthal angle of attack
on the blade sections. The increase in inflow angle

before _ =270 uand the decrease in the inflow angle
after _'=270 ° must then be accompanied by
corresponding increases and decreases in the blade
pitch. The plot of Figure [11] shows the contribution
of the collective and cyclic pitch components to the

total blade root pitch corresponding to the 150 knot
airspeed in Figures [8] and [9]. This airspeed is near
the full-scale airspeed on which Figure [10] is based.
The shape of the total pitch angle curve is seen to be
similar to the shape of the inflow angle curve in the
azimuthal range near the wing where the peak inflow
Occurs.
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Effect of Actuator and Response Selection. One aspect
of the HHC system which needed to be investigated
was the effect on the response associated with the
number and choice of control points (actuators) used
for input and the number and choice of response points
(strain and acceleration measurements) used for
feedback. Based on the principle of superposition for
linear systems, one would expect that the number of
control points should equal the number of response
points. However, there are two reasons why this need
not be the case for the present system: (1) the present
system may be nonlinear, and (2) the response points
considered may not be independent. As a simple
example of the latter case, consider the vibration of a
cantilevered wing with two response points for
feedback and a single actuator control point. If two

Conditions:
742 Rpm
100 knots
3P Harmonics

1.2

1.0

.8

F/F .6
0
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i N=4 (S. P.+Flap)

I . I

I

.2

0 ,I lill. ,, I I. 1,

B C T • II I]iImIB/CfT

M=I M=2 M=3

Response Points

Figure 12. Load factors for several cases of HHC.

strain gages are both oriented to measure bending in
the same direction, then a single actuator oriented in
the same beam bending direction would likely have a
high degree of success at reducing vibration at both
locations. If the orientation of the response points
considered are orthogonal, or nearly so, such that one
gage measures primarily beam bending loads and the
other primarily chord bending loads, then the actuator
is likely to be much less effective in reducing at least
one of those vibratory responses, no matter how the
actuator is oriented with respect to those two
directions.

Figure [12] shows the level of vibration reduction
achieved in terms of a scalar load factor F/F,, for
several combinations of control points (N=1,3,4) and
response points (M=1,2,3). This term represents a ratio
of the total vibratory load with HHC on to that with
HHC off, and F itself represents a resultant magnitude
of the load components as given by

F= (18)

where each f is the load considered in the performance
index corresponding to a particular case.

The plot of Figure [12] shows that the flaperon by itself
(N=I) can be very effective at reducing vibration
levels in a single load component, especially the beam
and torsion loads. For the flaperon-only case, the chord
load component was not reduced as much as the beam
and torsion components because more amplitude of
flaperon motion is required than was allowed in this
test (+3 degrees limit). Results from an earlier test
(Ref. 34) indicated that the flaperon-only case could
lower the chordwise 3P load to about the same level as
that associated with the beam and torsion components

12



Conditions:
100 knots
M=6
N=4 (S.P+Flap)

Response Points
Loads from Pylon

strain gages accelerometers

,,x_Wing Beam = CGL
Wing Chord ll CAN
Wing Torsion 1.. CAA

3P
Wing

Loads,
in-lbs

100

_n7s I]

O
_P_lil Off On

742 800

.4

.3

l .2

,_ .0

mml
888

Rotor Speed, Rpm

3P
Pylon

Accels,
g's

Figure 13. 3P loads and 3P accelerations for HHC
with six response points of feedback.

Conditions:

100knots ] Rot°rspeed I
M=2, B/C 1 660 Rpm
N=3 (S.P. only) '--' 742 Rpm

.30

.25

.20

F/Fo .15

.10

.°2
1P 3P 1P&3P

Response Harmonics Considered
in Performance Index

Figure 14. Load factor associated with choice of

harmonics in the performance index.

if given enough flap amplitude (_-+6 degrees).
However, a flaperon-onl.y controller was not effective
at reducing vibration m multiple load components
simuhaneously.

The effectiveness of the controller in reducing multiple
loads simultaneously greatly improves for the
swashplate alone (N=3) and the swashplate plus
flaperon together (N=4), as is shown in Figure [12].
The active control system is seen to have about the

same level of effectiveness for the N=3 and N=4 setups
no matter how many response point are considered for
feedback, up to M=3. In general, it is observed that an
order of magnitude reduction in the 3P loads is
ob'ained when N> M. The plot of Figure [12] also
st: ,vs that the reduction associated with use of the
flaperon and swashplate together can be either more or
less effective that the swashplate alone, which serves
to illustrate the manner in which the control algorithm
operates. It is much like a classical optimization
problem in which a global minimum is sought, but the
solution procedure may converge to a local minimum.
Consider, for example, the M=I beam response case
shown and observe that the flaperon-only case has a
lower 3P beam bending load than the swashplate plus
flaperon case. Certainly, one possible solution to the
control system is to turn off the higher harmonic
swashplate commands and send control signals only to
the flaperon, in which case the result of the flaperon-
only controller would be duplicated. Just as the final
solution to a classical optimization problem depends
on the starting position in the design space (and other
stepping parameters), the final solution to the vibration
reduction problem using the MAVSS control algorithm
depends on the initial transfer matrix (and other
stepping parameters).

Data was also obtained for a case where M=6 (3 wing
loads and 3 pylon accelerations) and N=4 (swashplate
and flaperon control). As shown in Figure [13], the
control system is less effective than for the M=3 case
in terms of its capability to reduce all the load
components simultaneously. However, the largest
contributors to the 3P load and acceleration, namely
wing chord bending, pylon lateral acceleration at the
center of gravity (CGL), and pylon axial acceleration
at the conversion axis (CAA), were all reduced
significantly, generally by 50 percent or more. The
normal acceleration at the conversion axis (CAN) is
shown to increase slightly in each case, probably
because the largest vibration levels were associated
with the chordwise bending direction, and thus those
measurements were much more influential in reducing
the performance index than the normal acceleration.

Comparison of 1P, 3P, and Combined IP/3P
Vibration Suppression

The MAVSS algorithm may be configured to perform
vibration reduction on any harmonic or combination of
harmonics of the response feedback which the
associated hardware can support. Since the wind-
tunnel model had some inherent IP imbalance that
increased with airspeed, it was of interest to evaluate
the HHC capabilities for reduction of the I P and a
combination of the 1P and 3P harmonics of wing loads.
This section of the paper examines the effects of HHC
on the total oscillatory (half-peak-to-peak) loads and
the associated harmonics of the vibratory loads for
three HHC system configurations. All three
configurations use wing beam and chord load feedback
(M=2) and swashplate-only control (N=3) but differ in
terms of the harmonics of the loads which are

considered. This setup was used for the comparison
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because M=2 was the maximum number of feedback
responses for which the combination of 1P and 3P
vibration reduction could be performed using the

present hardware setup.

HHCPerformance. The bar chart of Figure [14] shows
the load factor associated with the use of wing beam
and chord load feedback and minimization of IP loads,
3P loads, and combined 1P/3P loads, respectively.
Two rotor speeds are considered, the model-scale
design rotor speed for airplane mode cruise of 742
RPM and a rotor speed chosen to amplify the 1P loads,
660 RPM (11Hz) which is near the natural frequency
of the wing fundamental chord mode. For the
conditions considered, Figure [14] shows that 1P loads
were reduced considerably (75-85%), although not as
much as the 3P loads (85-95%). The combined IP and
3P loads were reduced almost as much as the 1P loads
alone (70-75%). These results demonstrate the ability
of the HHC system to reduce multiple load components
simultaneously using multiple HHC inputs.

For the 742 RPM cases discussed in the preceding
paragraph, the effect of the active system on the
harmonic spectrum up to 6P is shown in Figures [15] -
[17]. Figure [15] shows that significant reductions in
the 1P components of vibration were gained with very
little impact on the other harmonics of the wing beam
and chord loads. Furthermore, since the IP loads
were dominant in this frequency range, the half-peak-
to-peak loads were significantly reduced as well. It
should be noted (Figure [16]) that reductions in the 3P
loads came at the expense of increased IP loads. The
half-peak-to-peak loads for the chord direction actually
increased in this case because of the increase in the 1P

chord loads. Combining the IP and 3P loads in the
performance index produced results very different from

350

Conditions:
100 knots
742 Rpm
M=2, B/C
N=3 (S.P. only)

I Wing loads ]==_ BeamChord

300

250

Bending 200
Moment,

in-lbs 150

100

5O

0

•--I I._r

i,..i

H

IMAVSS-m_zo]'do_

.........j
3nIini°_ OtfOn_[°]lit]il[OffOnilo]ii,rn

1/2-Peak 1P 2P 3P 4P 5P 6P
Half-Peak-toPeakandHarmonicsof

WingBendingLoads
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Figure 17. Effect of HHC on harmonic spectrum with
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either of the other two cases. Figure [17] shows that
both the IP and 3P harmonics of the loads can be
significantly reduced simultaneously. The resulting
half-peak-to-peak loads were reduced substantially as
well.
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Control System Reaction to Dynamic Changes in
Operating Conditions

The MAVSS algorithm is designed to be adaptive to
changes in the dynamics of the system. As mentioned
earlier when discussing Figure [6], MAVSS does this
by continually evaluating the performance index J and
comparing it to the user-specified threshold value. If J
increases above the threshold value, and there is no
improvement after a preset number of reapplications of
the control law, the transfer matrix is reidentified. The
dynamics of a system can be affected by changes in
either the structure or the flight conditions. In the
present investigation, rapid changes in the model
operating conditions (rotor speed and tunnel velocity)
were used to evaluate the HHC algorithm for its
effectiveness in adapting to changes in the system
dynamics. Results of this part of the study showed that
the algorithm is very robust with respect to adapting to
rapid changes in either airspeed, rotor speed, or a
combination of both, and reidentification of the system
transfer matrix was rarely required. Under separate
changes in airspeed (50 knots over a 10 second
interval) and rotor speed (130 RPM over a 5 second
interval), the algorithm did not need to reidentify the
transfer matrix, but was still very effective at reducing
vibrations using the initial transfer matrix which was
identified at some nominal flight condition. In an
attempt to exercise the portion of the algorithm which
calls for a reidentification of the system transfer
matrix, the airspeed and rotor speed were swept
simultaneously at rates comparable to those noted
above, and in a few cases the algorithm did reidentify
the transfer matrix. There was no significant
degradation in the existing vibration levels during this
process.

Gain-Scheduled Control

A gain-scheduled controller was also evaluated for its
effectiveness in reducing vibrations under both steady-
state and varying flight conditions. The 3-D table of
gains needed for this study was formed from the HHC
inputs (gains) computed my MAVSS at three rotor
speeds (randomly selected for each airspeed) for each
of four airspeeds (75, 100, 125, and 150 knots). The
HHC algorithm was then configured to interpolate from
this table the required control signals for any
combination of rotor speed and airspeed for which the
wind-tunnel model could be operated. The
performance of the controller was found to be

extremely similar to that of the adaptive HHC system
in terms of its vibratory loads reduction capability and
its reaction time during rapid changes in model
operating conditions. This is because the adaptive
algorithm rarely required reidentification of the system
transfer matrix, and because there is very little
difference between the time required to interpolate an

HHC signal from a table (gain-schedule version) and
the time required to calculate an HHC signal from the
response feedback (adaptive version). Only during a

reidentification of the system transfer matrix would the
adaptive algorithm take a significantly longer time to
react than the gain-scheduled algorithm, but since
reidentification is a rare occurrence there was little

difference in performance.

Effect of HHC on Blade and Pitch Link Loads

General Trends. A general effect associated with the
use of HHC in these tests was a reduction in the peak
oscillatory blade bending loads, and an increase in
oscillatory pitch link loads. The increases or decreases
observed are directly attributable to changes in the
harmonics of the blade loads affected by the active
control.

Examples of HHC Effects on Blade Loads. The effects
of HHC activation on the blade spanwise loads
(flapwise and chordwise bending moments) and pitch
link loads are examined in this section for two cases:
both have the M=2 B/C, N=3 control-system setup, but
the first case considers only 3P wing beam and chord
loads in the performance index (vibration reduction
results shown in Figure [16]) and the second case
includes both the 1P and 3P wing beam and chord
loads in the performance index (vibration reduction
results shown in Figure [17]).

The blade loads associated with the 3P-only case are
shown in Figures I18]-[21]. The plots of Figures [181
and [19] show the mean and half-peak-to-peak
(oscillatory) blade flapwise and chordwise moments,
respectively, with HHC off and on. These results show
very small reductions in the mean loads, but the peak
oscillatory bending moment is shown to drop
significantly. The HHC-associated reductions in the
peak oscillatory loads which occur at r/R=0.4 are by
20% for the flapwise moment and by 25% for the
chordwise moment. The harmonic contributions to
these oscillatory moments are shown in Figures [20]
and [21]. For flapwise moments there is a significant
decrease in the 2P and 3P harmonics of the blade load
and for the chordwise moments there is a significant
decrease in the 2P and 4P components of the blade
loads.

Similar results were obtained for this configuration
using both IP and 3P wing loads in the performance
index for vibration reduction, as shown in Figures [22]-
[25]. Figures [22] and [23] show the mean and half-
peak-to-peak (oscillatory) blade flapwise and
chordwise moments, respectively, with MAVSS off and
on. Similar to the results shown for the 3P-only case,
there is little difference in mean loads, but the peak
oscillatory bending moment drops significantly.

Interesting differences between the 3P-only case and
the combined I P/3P case are evident in the harmonics
of the blade loads. The harmonics of the flapwise

bending loads associated with the IP/3P case are
shown in Figure [24]. Note that the 2P blade flapwise
bending moment is reduced substantially more than the
2P blade flapwise bending moment associated with the
3P-only case (Figure [20]). Also, the 3P blade
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Figure 22. Steady and half-peak-to-peak flapwise
blade loads associated with combined 1P/3P

performance index.
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Figure 24. Harmonics of flapwise blade loads
associated with combined IP/3P performance index.
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Figure 23. Steady and half-peak-to-peak chordwise
blade loads associated with combined 1P/3P Figure 25. Harmonics of chordwise blade loads

performance index, associated with combined IP/3P performance index.
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Figure 26. Half-peak-to-peak pitch link loads
associated with 3P performance index.

flapwise bending moment is not reduced by HHC as
much as it had been in the 3P-only case. The
harmonics of the chordwise bending moments
associated with the IP/3P vibration reduction case are
shown in Figure [25]. This plot shows that the 2P blade
chordwise bending moment is also reduced
significantly more than the 2P blade chordwise bending
moment associated with the 3P-only case (Figure [20]).
Also, the 3P blade chordwise bending moment is not
reduced by HHC as much as it had been in the 3P-only
case.

The reason for the difference in the control system
effect on the loads between the 3P-only case and the
combined IP/3P case is that the MAVSS algorithm
gives greater attention to those loads that are the most
likely to reduce the performance index. This shifts
attention from the 3P loads in the 3P-only case to the
IP loads in the 1P/3P case (IP loads are higher for this
case than the 3P loads). With actuators operating at
both IP and 3P simultaneously there is going to be a
large effect on the 2P rotating blade loads since the 2P
blade moments are influenced by both the IP and 3P
swashplate excitations.

Examples of HHC Effects on Pitch Link Loads. While
there is a significant reduction in the vibratory blade
bending moments when the HHC system is on, figures
[26] and [27] show that, except for the IP harmonic,
all the pitch link loads increase. Half-peak-to-peak
pitch link loads increase with airspeed and are shown
in Figure [26] to always be greater with HHC. In

1/2opeak 1P 2P 3P 4P

Half-Peak-toPeak and Harmonics
of Pitch Link Load

Figure 27. Half-peak-to-peak and harmonics of pitch
link loads associated with 3P and combined IP/3P

performance indexes.

Figure [27], the half-peak-to-peak loads at a 100 knot
airspeed are shown to increase by about 25 and 30
percent for the 3P-only and combined IP/3P cases,
respectively.

HHC Power Requirements

The power requirements for the HHC system installed
on the model were estimated for one of the cases
tested (3P-only vibration reduction with N=3 actuation
and M=3 B/C/T response feedback) using the
measured values of the pitch link loads and swashplate
amplitudes. The power and the corresponding pitch
link loads as a function of tunnel airspeed are shown in
Figure [28]. Power is shown as equivalent full-scale
horsepower to provide a more intuitive feel for the
power requirements associated with this system. Less
than 5 horsepower is required for 3 of the 4 velocities
considered, but at one velocity (125 knots model
scale) power requirements increase to about 13 HP
This value corresponds to about 0.2% of the 6150 SHP
available on the V-22 (for each rotor system).

Stroke requirements for the three swashplate actuators
corresponding to the case of Figure [28] are shown in
Figure [29]. The plot shows that none of the strokes
exceed 0.1 inches, and are generally around .05 inches
or less for most cases. These values represent less
than 5% of the available stroke of the actuators.
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Figure 28. Estimated full-scale horsepower
associated with typical HHC input.
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Figure 29. Typical HHC actuator stroke requirements.

CONCLUSIONS

A joint NASA/Army/Bell Helicopter Textron wind-
tunnel investigation was conducted to assess the
potential of higher harmonic control (HHC) for
reducing airframe vibrations in tiltrotor aircraft
operating in the airplane mode of flight and to evaluate
a Bell-developed HHC algorithm for tiltrotor vibration
reduction. The studies were made in the Langley
Transonic Dynamics Tunnel using an unpowered 1/5-
scale semispan aeroelastic model of the V-22 modified
to incorporate an airframe-based HHC system
consisting of both an actively-controlled swashplate
and a wing flaperon. The model's 3P vibratory
responses resulting from HHC inputs computed using
feedback from pylon accelerometers and wing-root
strain gages were measured over a wide range of
steady tunnel airspeeds and rotor rotational speeds.
Performance of the system was also assessed in
transient conditions by rapidly changing tunnel velocity
and rotor speed. A limited study of the ability of the
control system to suppress IP vibrations simultaneously
with the 3P vibrations was also made. On the basis of
the results shown, the following conclusions are
indicated:

1) The HHC system employed was highly effective in
reducing vibrations in the wing of the 3-bladed
gimballed-rotor model tested. The HHC system was
able to consistently reduce the 3P and 1P vibratory
responses, either singly or in combination, by 75-95
percent. The deterministic controller resulting from
minimization of a quadratic performance index
involving the weighted squares of the vibratory
responses and control inputs was found to be adequate
for all the wind-tunnel conditions considered.

2) Simultaneous reduction of several independent
components of airframe vibration is possible because
the effects of different higher harmonic pitch inputs can
be superimposed. While the individual vibratory
response of any of the three primary wing responses
(beam, chord, or torsion) can be significantly reduced
using an appropriate single actuator/sensor
combination, multiple actuators and sensors must be
used to effect the same level of reduction in several

independent vibratory components simultaneously. In
general, the number of actuators must be equal to or
greater than the number of response sensors in order for
the HHC to be effective in reducing multiple vibratory

responses.

3) It is known that blade and pitch link oscillatory
loads can be increased by HHC. While the vibratory
pitch link loads generally increased by 25 percent, the
peak vibratory blade bending loads generally decreased
by about 25 percent for the model tested.

4) The amplitudes of the higher harmonic pitch angles
required to effectively eliminate 3P vibrations in the
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airframeweremodest,generallylessthanonedegree
tortheswashplateandhalfa degreefor theflaperon.
Nodegradationin aeroelasticstabilitywithrespectto
thesystem-offstabilitycharacteristicswasobserved.

5)TheHHCsystemwasextremelyrobustwithrespect
to its performancein thetrackingof rapidchangesin
boththerotorspeedandtheairspeed,eithersinglyor
incombination.

6) TheHHC transfermatrix,whenidentifiedat a
nominalcondition,wasgenerallysufficientfora wide
rangeof rotorspeedsandtunnelvelocitiesrelativeto
thosenominalconditions. Reidentificationof the
systemtransfermatrixwasrarelyrequired.

7)A gain-scheduledversionof theHHCalgorithmwas
foundtobealmostaseffectivein reducingvibrationas
theadaptiveversionof thealgorithmwithonlya slight
advantagein termsof computationtime.

8) Despitethe considerabledifferencesin dynamic
behaviorandaerodynamicenvironmentassociatedwith
tiltrotorsand helicopters,a numberof the results
obtainedin thisstudyaresimilarto thoseobtainedin
studiesof HHCfor applicationto helicopters.This
indicatesthat a considerableportionof the existing
helicopterHHCtechnologybasemaybeapplicableto
tiltrotors.

Basedonsuccessof theMAVSStestingconductedon
theWRATS1/5-scaleV-22aeroetasticmodelin the
TDT,BHTI,undersponsorshipof theNationalRotor-
craftTechnologyCenter(NRTC),is preparingfor a
flight test programof the XV-15tiltrotor research
aircraftusinga MAVSS-controlledactiveelevator.
Everythingis currentlyon schedulefor a mid-1997
flighttest.
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